There is evidence that drug-specific T cells are involved in inducing keratinocyte apoptosis in acute stage of Steven-Johson syndrome (SJS) and Toxic epidermal necrolysis (TEN). However, there are few studies that have attempted to examine T cell memory responses over time. We sought to determine the duration of IFN-c and sFasL memory response to causal drugs in patients with SJS and TEN after remission. Eight patients with previous SJS and TEN were enrolled. Memory T cells were measured by 10-day cultured IFN-c enzyme-linked immunosorbent spot-forming cell (ELISpot) assay. Effector T-cell responses were measured by ex vivo IFN-c ELISpot assay and sFasL ELISA. The sFasL-mediated toxicities of drug-stimulated PBMC supernatants against keratinocyte line were further investigated by MTT proliferation assay and Annexin-V staining. We observed significant cultured and ex vivo IFN-c ELISpot responses against causal drugs in all 8 patients. In addition, the sFasL levels were specifically increased in the supernatant of PBMCs cultured with causal drugs from 6 of 8 patients. Drugstimulated PBMC supernatants were cytotoxic against keratinocyte line, which was inhibited by anti-FasL mAb in a dosedependent manner. Our findings confirmed that drug-specific IFN-c and sFasL memory response against causal drugs could be sustained over several years and further suggest that patients should avoid causal drug re-exposure after the recovery of TEN and SJS. 
Stevens-Johnson syndrome (SJS) and toxic epidermal necrolysis (TEN) are the most severe forms of drug induced skin diseases and are now considered variants of the same disease. The most common feature of these diseases is the formation of subepidermal blisters and detachment of the epidermis, which appears as scalded skin. Necrosis of the full thickness of the epidermis is the pathognomonic finding in this entity. The death rates average 25%, and many survivors have sequelae.
It has been well established that the epidermal damage in these diseases is due to keratinocyte apoptosis. The mechanism is not fully understood, but it is believed to be mediated by drug-specific T cells. Drugs stimulate T cells either by forming hapten-protein complexes presented by MHC or possibly by direct binding to T cell receptors [1, 2] . T cells utilize granulysin/perforin/granzyme B trigger keratinocyte apoptosis [3, 4, 5, 6] . Moreover, T cells express death-inducing protein Fas ligand (FasL), which induces apoptosis by engaging Fas (CD-95) on keratinocytes [7, 8] . In addition, T cell is able to activate keratinocyte by producing IFN-c, TNF-a, which render keratinocytes susceptible to apoptosis induced by perforin/ granzyme B and sFasL [5, 9] .
Although the contribution of T cells to SJS and TEN has been extensively studied, the development and maintenance of drugspecific memory response in SJS and TEN patients remains to be elucidated. Using the lymphocyte toxicity assay (LTA), Halevy et al has revealed that the patients with ibuprofen-induced SJS or sulfonamides-induced hypersensitivity syndrome present a high level of cytotoxicity to the incriminating drugs over several years after remission. Furthermore, the incriminating drugs can markedly stimulate the PBMCs to produce a variety of proinflammatory cytokines [10, 11] . It strongly points to the maintenance of effector memory response to the causal drugs in patients with cutaneous drug adverse reactions (CADRs). Beeler et al reported that drug reactivity in patients with severe systemic drug hypersensitivity persists for a long period, and the frequency of drug-reactive T cells is about 1:250 to 1:10,000 of T cells [12] . However, only one SJS patient was included in the study. Thus, it makes it difficult to determine the longevity and frequency of drugspecific memory T cells for SJS and TEN. Zawodniak A et al demonstrated that granzyme B could be released by PBMCs from patients with various drug-induced skin diseases in remission [13] . The granzyme B response tend to be low, and IL-15 is needed to enhance granzyme B release. Whether the results reflect a decreased memory response remains to be elucidated.
Understanding the persistence and effector function of memory T cells is fundamental for in vitro diagnosis of SJS and TEN. In this study, we selected 8 patients with a very well characterized medical history of SJS and TEN and with positive lymphocyte transformation test (LTT) to the causal drugs. The memory T cells was exploited by cultured IFN-c enzyme-linked immunosorbent spotforming cell (ELISpot) assay [14, 15] . The effector function was exploited by ex vivo overnight IFN-c ELISpot assay [16] and by sFasL ELISA [8] . We also incubated the supernatants of drugstimulated PBMCs with HaCat cells and anti-FasL blocking mAb to determine sFasL-mediated toxicity against keratinocytes. We sought to determine whether IFN-cand sFasL memory response could be maintained in SJS and TEN patients after remission.
Results

Patient characteristics
We recruited 8 patients with a very well characterized medical history of SJS and TEN. Table 1 details the age, gender, culprit drugs, disease and intervals between acute allergy and present analysis. All 8 patients were analyzed in clinical remission of SJS and TEN and were healthy at the time of analysis. The interval between the occurrence of SJS and TEN and the present analysis varied from 1 month to 3 years. Six patients who had a history of drug-induced maculopapular exanthema (MPE) were also included in the study. The interval between the acute allergy and the present analysis ranged from 1 month to 2 years (Table 1) .
IFN-c production by drug-specific memory T cells
To investigate the durable memory of drug-specific T cells, PBMCs from eight SJS and TEN patients in remission were cultured with causal drugs for 10 days in vitro. At the completion of the culture period, the cultured T cells were restimulated for 24 hr in the presence of the causal drugs. Responding T cells were then examined by ELISpot for the production of IFN-c. In all 8 patients with SJS and TEN, the cultured T cells were activated to produce IFN-c in the restimulation phase of the assay. The response ranged from 2565 to 4400 SFU per million T cells, as shown in Fig. 1 . Interestingly, even if without restimulation with causal drugs, the cultured T cells still showed a capacity of producing IFN-c, although we washed cells sufficiently well and left them overnight. In contrast, the T cells cultured with chemically irrelevant drugs failed to elicit significant IFN-c response. There was no significant correlation between cultured IFN-c ELISpot response and the time interval from previous SJS and TEN. A substantial cultured IFN-c ELISpot response was observed as long as 3 years later in patient 1 who had strict drug avoidance. In patients with previous MPE, the cultured IFN-c ELISpot responses were detected in 5 of 6 subjects (Fig. 1) . The positive responses ranged from 1123 to 2034 SFU per million T cells, which were significant lower than those in SJS and TEN group. Overall, these data suggest that drug-specific T cell memory responses are stably maintained in SJS and TEN patients after remission.
IFN-c production by drug-specific effector memory T cells
Next, we investigated IFN-c effector response by using an ex vivo overnight IFN-c ELISpot assay. We observed significant IFN-c responses against causal drugs by PBMCs from all the 8 patients. The response ranged from 100 to 237 SFU per million cells (Fig. 2) . These responses were drug-specific as stimulation with chemically irrelevant drugs had no IFN-c production. Again, we did not observe a significant correlation between ex vivo IFN-c ELISpot response and the time interval from previous SJS and TEN. In patient 1, the response reached 152 SFU per million PBMCs, which was significantly higher than the positive cutoff. Five of six patients with previous MPE also had significant ex vivo IFN-c ELISpot responses (Fig. 2) . The positive responses ranged from 56 to 123 SFU per million PBMCs, which were significant lower than those in SJS and TEN group. These data show that drug-specific T cells in SJS and TEN patients after remission are detectable ex vivo and show rapid effector function to causal drugs.
sFasL production by drug-specific effector memory T cells
We proceed to investigate sFasL effector memory response in SJS and TEN patients after remission. PBMCs freshly isolated from SJS and TEN patients were cultured with different causal drugs for 3 days and the culture supernatants were examined for sFasL. In 6 of 8 patients (Patient 1, 2, 4, 5, 6, 8), significant increased sFasL productions by PBMC were observed, whereas no response was seen in the other 2 patients (Patient 3, 7) (Fig. 3) . The increased sFasL response was drug-specific as well, as no significant increase of sFasL was found in the samples upon stimulations with chemically irrelevant drugs. In the 2 patients yielding negative sFasL response, the causal drug was amoxicillin and the time interval was 1 year and 2 months respectively. To eliminate the possibility that the absence of sFasL response in the 2 patients might be due to insufficient concentration of causal drug stimulation, we further used a series of higher concentrations of amoxicillin to stimulate the PBMCs. We could not detect any changes of sFasL level in the supernatant of PBMCs upon stimulation with higher concentration of amoxicillin (Fig. 4) . In patients with previous MPE, PBMCs showed higher levels of sFasL secretion by stimulating with the causal drugs. However, there was no significant difference between the levels of sFasL in blank control, chemically irrelevant drugs-stimulated and causal drugs-stimulated groups (Fig. 5) .
To further investigate sFasL-mediated memory response, we harvested the in vitro cultured T cells from Patient 1 and 5, and restimulated the T cells with the relevant drugs for 3 days. Compared with freshly isolated PBMCs, the cultured T cells released higher levels of sFasL on stimulation with the causal drugs (2.0-folds and 2.8 folds, respectively). This increase was also drug specific because treatment with the chemically irrelevant drug had no effect (Fig. 6 ). These findings were consistent with IFN-c memory in the patients, suggesting that the sFasL-mediated memory responses are also maintained in SJS and TEN patients after remission.
sFasL-mediated toxicities of PBMC supernatant against keratinocytes
We next examine sFasL-mediated toxicity of PBMC supernatant against keratinocytes. HaCat cells, a keratinocyte cell line, were incubated with culture medium alone, or culture medium containing 5%, 10%, 20% PBMC supernatants from the 6 patients (Patient 1, 2, 4, 5, 6, and 8), the neutralizing anti-FasL mAb, the negative control mAb. Cell viability was measured by MTT assays. We observed that the supernatant of drug-stimulated PBMCs were cytotoxic against keratinocytes (Fig. 7) . To investigate the mechanism of its cytotoxicity, HaCat cells were further stained with Annexin-V and analyzed by flow cytometry. The addition of drug-stimulated PBMC supernatant to the medium induced keratinocyte apoptosis, whereas keratinocytes incubated with medium alone showed significantly less apoptotic cell death (Fig. 7) . Moreover, culture with an inhibitory anti-FasL mAb reduced the percentages of apoptotic cells in a dosedependent manner, whereas the negative control mAb failed to mediate apoptosis (Fig. 8) . These data suggest that T cell supernatant mediates keratinocyte apoptotic death involving Fas and sFasL.
Discussion
The long persistence of memory has been observed previously in vivo because some patients respond to minute amounts of the drug with severe reactions even years after the initial hypersensitivity reaction [17] . However, there are only a few studies that have attempted to examine memory responses over time. The cultured ELISpot assay was originally developed to identify protective T-cell responses against malaria infection [14, 18] . This method not only magnifies the response by allowing the T cells present to divide, but also enables the resting central memory T cells to differentiate into effector cells. Specifically, the cultured IFN-c ELISpot has been used to identify long-lasting memory T-cell responses. In the present study, we have now examined the durability of memory T cell response in SJS and TEN patients after remission by using the cultured IFN-c ELISpot assay. In all 8 patients, we observed substantial IFN-cresponse in the restimulation phase of the assay. The response appear to be strong as about 2565 to 4400 IFN-c producing cells were observed per million T cells. Thus, we conclude that T cell memory responses are stably maintained in SJS and TEN patients even after long-term remission.
Using ex vivo ELISpot assay, we also detected significant IFN-c production after overnight stimulation with causal drugs. The frequency we detected varied from 100 to 256 IFN-c producing cells per million PBMCs, which is comparable with previous reports that show about 1:250 to 1:10,000 of drug-reactive T cells exist in patients with severe drug allergy [12] . Of the 8 patients we enrolled, we did not observe a decline of IFN-c response with the increased time intervals. These data show that IFN-c effector function of memory T cells is also stably maintained in SJS and TEN patients in remission.
Our results further emphasize that IFN-c release assay may serve as an in vitro diagnostic test for SJS and TEN. Indeed, previous studies demonstrated that increased IFN-c release could be observed in patients with a wide variety of CADRs after in vitro challenge of the patients' lymphocytes with the culprit drugs [19, 20, 21] . In another study, it was found that IFN-c tests were positive in 77.8% of the patients with a variety of CADMS for 49.0% of the drugs. In addition, the proportion of positive IFN-c tests was directly associated with the degree of drug suspicion. More importantly, the high proportion (100%) of in vitro IFN-c release was seen in patients with drug-induced bullous eruptions [22] . In our study, all the SJS and TEN patients exhibited circulating IFN-c-producing T cells upon ex vivo restimulation with the drugs, which, in line with previous studies [20, 22] , suggests that in vitro IFN-c release tests could be useful for identifying the drugs associated with SJS and TEN. Furthermore, because the present study was performed over a long period after the occurence of SJS and TEN, it indicates that this assay may be helpful in predicting the potential risk of reexposure of the drugs to cause SJS and TEN. Of note, the present study comprised only limited number of SJS and TEN patients, and the number of SJS patients was less than TEN patients we enrolled. Future studies will be needed to provide data on the sensitivity and the specificity of this assay in a larger number of SJS and TEN patients and controls. Significant evidence exists implicating sFasL-mediated toxicities in the occurrence of SJS and TEN. In patients with SJS and TEN, sFasL level in serum is increased significantly before or after onset of skin damage [23, 24, 25] . PBMCs from patients with SJS and TEN secrete significant amounts of sFasL in the acute stage after stimulation with causal drugs, which subsequently induce keratinocyte apoptosis in a dose-dependent manner [8] . Moreover, ibuprofen-induced SJS or sulfonamides-induced hypersensitivity syndrome had significantly elevated levels Fas upon drug restimulations 2-4 years after disease remission [10, 11] .
Considering the potential role of sFasL in kerationcytes apoptosis, we examined the sFasL production by drug-stimulated PBMCs as an indication of effector memory response. Strikingly, we observed significant sFasL productions from PBMCs in 6 of 8 patients with SJS and TEN. The sFasL levels are significantly higher than those with previous MPE. The sFasL response is drugspecific as no significant increase of sFasL was found in the samples upon stimulation with chemically irrelevant drugs. Furthermore, the T cells after 10-day culture released more sFasL than the freshly isolated PBMCs on re-stimulation with the causal drugs, indicating sFasl-producing cells could be expanded in vitro in the presence of the causal drugs. Additionally, our study showed that sFasL produced by PBMCs of SJS and TEN patients exert an anti-proliferative and apoptotic effects against keratinocytes. Collectively, these findings, in line with previous reports [8, 10, 11] , confirming that the sFasL-mediated toxicities could be sustained in patients with SJS and TEN after remission. Interestingly, no significant sFasL production was observed in 2 of 8 patients. The negative sFasL production was further proved even if we used higher concentrations of causal drugs to simulate PBMCs. We considered that the results should not be interpreted too quickly as suggesting loss of sFasL response in some patients with SJS and TEN after remission. In Murata' study, he detected increased sFasL levels in 5 of 7 patients with SJS/TEN before onset. There were 2 patients who did not show a signifncant increase of sFasL level in acute stage. Therefore, it is possible that our inability to demonstrate sFasL response in these 2 cases may be due to the lack of sFasL response in the acute stage. Further studies are necessary to clarify this.
At present it is still difficult to explain the mechanism accounting for persistent, drug-specific memory in patient with SJS and TEN. It has been suggested that persisting antigen might help sustenance of effector and memory T cells [26, 27] . In our study, because the symptoms had been severe in all cases, all patients had strictly avoided the incriminated drugs in the whole period after remission. In addition, no chemically related drugs were used by these patients to avoid potential cross-reactivity. This indicates that T cells may not require antigen re-exposure for their maintenance. Further studies are needed to address the mechanism of persistent drug-reactivity and effector function of T cells in patients with SJS and TEN.
In summary, we demonstrate that the IFN-c and sFasL memory could be maintained, and recalled over an extended period of at least 3 years. The data contribute to our understanding of the development and maintenance of drug-specific memory with consequent potential clinical implications in identifying causal drugs in SJS and TEN patients. We think that IFN-c and sFasLbased assay might be promising tools in SJS and TEN diagnosis.
Materials and Methods
Ethics Statement
The study was approved by Ethics Committee of the Xijing Hospital, Fourth Military Medical University. All participants gave written informed consent.
Patients and clinical samples
Eight patients with a very well characterized medical history of SJS and TEN and eight patients with a history of drug-induced maculopapular exanthema (MPE) were enrolled. A summary of the patient characteristics is given in Table 1 . PBMCs were separated from heparinized peripheral blood using Lymphoprep (1114547, Nycomed, Oslo, Norway) density gradient. PBMCs were then washed in RPMI supplemented with and L-glutamine (R0) and resuspended in RPMI with L-glutamine, and 10% FCS (R10).
Drugs
Nontoxic concentrations of the drugs were used for in vitro stimulations. The following drugs were used: amoxicillin, nimesulide, acetaminophen, hydroxychloroquine, allopurinol, carbamazepine (all from Sigma-Aldrich, St Louis, MO, USA). Solution form infusion was used for penicillin and cephazolin (Harbin Pharma Co, Harbin, China).
T cell culture
Fresh PBMCs at 2610 6 /mL in R10 were incubated on 24-well flat bottom culture plate with causal drugs at different concentrations for 10 days at 37uC 5% CO 2 . On days 3, 6 and 9, the cells were supplemented with R10 plus 200 IU/mL human IL-2. On day 10, cells were removed from the plate, washed twice in sterile PBS, and returned to a clean well overnight in R10 to rest before ELISpot analysis on day 11. In vitro toxicities of PBMC supernatant against keratinocytes. HaCat cells were incubated with culture medium alone or culture medium containing 5%, 10%, 20% PBMC supernatants for 24 hours. A. MTT assays showed that the supernatants of drug-stimulated PBMCs were cytotoxic against keratinocytes in a dose-dependent manner. B. Annexin V staining showed that the supernatants of drug-stimulated PBMCs induced apoptosis of keratinocytes in a dose -dependent manner. *P,0.05. doi:10.1371/journal.pone.0045516.g007 Figure 8 . sFasL mAb blocking decreased the percentage of apoptotic keratinocytes. HaCat cells were incubated with culture medium containing 10% PBMC supernatants, the neutralizing anti-FasL mAb (NOK-2), the negative control mAb for 24 hours. Annexin V staining showed that the inhibitory anti-FasL mAb reduced the number of apoptotic cells in a dosedependent manner. *P,0.05. doi:10.1371/journal.pone.0045516.g008
IFN-c ELISpot
Ninety-six-well multiscreen Immobilon-P plates (IP-plates) (MAIPS4510, Millipore, Watford, UK) were coated with 50 uL per well at 15 mg/mL with IFN-c catcher antibody (3420-2A, Mabtech, Nacka Strand, Sweden) in sterile PBS, pH 7.4, and incubated 16 hours at 4uC. Plates were washed 6 times with R0 and then blocked with R10 for 1 hour at 37uC. Cells were added to IFN-c mAb-coated plates at 1610 6 /well (PBMCs), or 2610 5 / well (cultured T cells). Then, the causal drugs were added to the wells to the final concentrations shown in table 1. The cells were incubated with the drugs for 24 hr at 37uC and 5% CO 2 . Phytohemagglutinin was used as the positive control at 2 mg/mL, and R0 as a blank control. For each individual, a chemically irrelevant drug was used to assess nonspecific IFN-c responses ( Table 1) . The plates were then developed by the addition of 1 mg/ ml of biotin-linked anti-IFN-c MAb (MAb 7-B6-1-biotin; Mabtech) as a detection antibody, which was subsequently conjugated to streptavidin alkaline phosphatase (Mabtech) and visualized using an AP conjugate substrate kit (Bio-Rad). Spots were enumerated using an automated AID ELISpot reader. The background (cells only) was subtracted, and the data were expressed as the number of spot-forming units (SFU) per 10 6 cells.
Enzyme-Linked Immunosorbent Assay (ELISA)
Fresh PBMC (2610 6 /ml) were cultured with R10 alone, R10 with chemically irrelevant drugs, or R10 with causal drugs for 3 days at 37uC and 5% CO 2 . For patients 1 and 5, the T cells after 10-day in vitro culture were harvested and re-stimulated with causal drugs for 3 days. The supernatants were collected and the concentrations of sFasL were determined by sFasL ELISA kit (MBL, Nagoya, Japan). The developed reaction was quantified by reading at 490 nm. Each individual sample was analyzed in triplicate.
In vitro cytotoxicity
Human keratinocytes (HaCaT) were plated into culture plates at a density of 1610 6 cells/ml, and cultured until just before confluence. Then, the cells were incubated at 37uC for 24 hours with R10 containing drug-stimulated PBMC supernatant (5%, 10%, 20%) or drug-stimulated PBMC supernatant plus an inhibitory anti-FasL mAb (NOK-2, PharMingen, San Diego, CA) or the negative control mAb. Cell viability was assessed with the MTT assay. Detached cells and trypsinized adherent cells were also collected. Cells were stained with annexin-V and analyzed on a BD Phar-Mingen cell sorter.
Statistical Analysis
Statistical analyses were calculated by using Prism software (GraphPad, San Diego, CA). A Wilcoxon signed rank test was used for comparison of paired conditions. A Mann-Whitney test was used for unpaired data. A P-value less than 0.05 was considered to be significant.
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